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ABSTRACT

Measurements of the compressibility or mechanical stiffness of the lower
limbs under static loads are reported. Deformations of the various portions of
the limb structure are discussed and major load-bearing regions of the foot are
identified.

INTRODUCTION

In the investigation of responses of personnel aboard naval ships during underwater
explosion attacks, one area of particular interest has been the effect of high-intensity, short-
duration, mechanical shock on the stiff-legged standing man. Knowledge in this area is basic
to the establishment of injury mechanisms and maximum tolerance levels for use in predicting
human response to various shipboard shock situations and in selecting parameters for the
design of protective devices.

Estimates of the natural frequencies associated with the human body have been obtained
from vibration experiments! and shock tests.? In the vibration experiments, stiff-legged
standing men were vibrated at various frequencies and their responses observed and measured.
In the shock tests, a shipboard shock simulator, developed at the David Taylor Model Basin,
was used to simulate deck movements caused by underwater explosions, and the response of
the volunteers to such motions was recorded and analyzed. However, since spring constants
or mechanical stiffness of the legs could not be established explicitly from either test series,
two additional experiments were performed to determine directly the spring constants associ-

ated with the lower limbs. This report presents and discusses the results of these tests.

TEST PROCEDURE

The first series of tests was designed to measure the gross movement of the hip bone
relative to the floor for stiff-legged men under vertical loadings. Measurements were taken
from three male subjects, and the average spring constant of the entire lower limb was com-
puted. The second experiment was performed to determine the stiffness of the foot separately.
Here five subjects were utilized, and the displacement of the ankle relative to the floor was
measured with a series of loads on the knee. The age, weight, and height of the subjects

used in the two experiments are given in Tables 1 and 2.

LOWER LIMB COMPRESSIBILITY

The test consisted of applying various weights to three subjects standing stiff-legged,

and measuring the deflection of the top of the hip (iliac crest) relative to the floor (see Figure 1),

lReferences are listed on page 17.
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TABLE 1

Age, Height, and Weight of Subjects Used in
Lower Limb Compressibility Test

Subject | Age | Height | Weight
No. years | inches | pounds
1 i) 12 175
29 68 170
3 25 66 155

TABLE 2

Age, Height, and Weight of Subjects Used in
Foot Compressibility Test

Subject | Age | Height | Weight
No. years | inches | pounds

4 20 n a7
] 23 71 185
6 26 12 185
1 a3 10 179
8 19 67 132

ILIAC CREST

PELVIC GIRDLE
FEMURAL NECK

1

DEFLECTION MEASURED
OVER THIS DISTANCE

THIGH BONE
(FEMUR)

conDITION 2
DEFLECTION MEASURED

OVER Tws mmacc] ':

Figure 1 — The Lower Human Skeleton

SHIN BONE
(TIDIA)

FIBULA

MALLEOL!

(INTERNAL)
(EXTERNAL)




The subject was taped around the thighs and buttocks to an adjoining support structure which
restrained all but vertical movements (see Figures 2 and 3). A belt was drawn about the waist
to stretch the skin tautly over the iliac crest and minimize movement of the skin. Cross lines

were drawn on a piece of tape which was placed over the iliac crest.

Figure 2 — Experimental Setup for Figure 3 — Side View of Subject during
Lower Limb Compressibility Lower Limb Compressibility
Tests Tests

The weights varied from 0 to 280 Ib above the subject’s body weight. Each test
weight was evenly distributed on two bar bells hung from a Dillon weight indicator (Model S
with a range of 0-250 lb, in 1/2-1b graduations and a 15-in.-diameter dial).

The bar bells were cross-tied with ropes and attached to a chain-fall which suspended
the bar bells over football shoulder pads worn by the subjects; see Figure 2. The load was
applied by releasing the tension in the chain-fall in steps so that the weight was gradually
taken up by the shoulder pads.

The applied load for each step was determined by taking the difference between each
scale reading and the initial reading. It should be noted that the applied load was in addi-
tion to normal body weight which was also supported by the lower extremities.

Measurements of iliac crest deflection were made with two height gages, one on each
side of the subject. Each pair of deflection readings was averaged to obtain the actual de-
flection for each load increment. The load was removed and a zero-load reading was taken
prior to each new application of the weight.



During each reading (at no load and load conditions), the subject exhaled completely
and held as still as possible. Each time the weights were withdrawn, the subject stretched
in an effort to return to the initial zero position.

Subjects had been advised to keep their knees stiff but this proved unnecessary since
it was found that the natural response to the application of the weight to the shoulders was to
support it by stiffening the knees.

FOOT COMPRESSIBILITY

To investigate the response of the foot to vertical loading, three measurements were
recorded from five subjects: the total load and the vertical deflections of the inner and outer
ankle (internal and external malleoli).

A load table with a pressure wransducer hookup and two displacement gages were used
in conjunction with related electrical recording equipment to obtain all measurements (see
Figure 4). The load table consisted of a sandwich of two aluminum plates 1,/4-in. thick with
the edges welded all round. The 1/4-in. space between the plates was completely filled with
wator, and the change in pressure when the plates were loaded was sensed by an appropriate

ressure transducer. All loads were applied through a 12- x 12- x 1-in. aluminum plate to
maintain a constant-bearing area whether calibrating with lead weights or recording the load
on the human foot.

The displacement gages were linear potentiometers; their slides were rigidly attached
to each side of a molded fiberglass anklet which was clamped around the subject’s ankle.

A displacement relative to the ground was recorded from both sides of the ankle so that
motions due to ankle rotation could be observed and corrected for. All readings were recorded
on an oscillograph which permitted simultaneous recording of deflections and the corresponding
loads.

For each run, the subject was positioned in the compression stand (Figure 5) and the
leg supported. With the anklet in place and the displacement gages positioned perpendicular
to the table, the foot was carefully lowered to contact with the load table. The load was
applied parallel to the lower leg through a fiberglass, foam-rubber lined knee cover, and was
exerted on the, cover by a screw loader. Each subject turned down the screw at his own pace
and applied the load until he felt uncomfortable enough to discontinue. (Consequently, the
rate of application and the ultimate load vary in each case.) In addition, each subject was
advised to relax the leg and make an effort to keep it perpendicular to the tabie.

Footprints of all subjects were taken at normal stance (with one-half the body weight
on each foot), with all of the body weight on one foot, and under the maximum load applied in
the compression stand so that changes in the load bearing surfaces of the foot could be ob-
served. Figure 6 shows one subject’s footprint for three different knee loads.



Figure 4 — Compression Stand for Foot
Compressibility Tests

Figure 5 — Experimental Setup for Foot
Compressibility Tests

h



Figure 6 — Footprint of Subject 5 for Three Knee Loads
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Figure 68 — Knee Load of 92 Pounds
(One-Half of Body Weight),
Area = 15.4 Square Inches

Figure 6b = Knee Load of 185 Pounds,
Area = 17,7 Square Inches



Figure 6c = Knee Loa.' of 340 Pounds,

Area = 18.3 Square Inches



RESULTS AND DISCUSSION

At the start, it may be useful to describe the construction of the skeletal system under
study here (see Figure 1), Included are the iliac crests which are at the top and sides of the
pelvic girdle. At the bottom of each side of the pelvic girdle, there is a roughly hemispherical
hollow into which the head of the thigh bone (femur) fits. Below the femur are the tibia (shin)
and fibula which, in turn, rest on the ankle and foot benes.3 The vertical deflection of the
iliac crest is a measure of the total compression of the structure below, and the slope of a
plot of the applied loads versus the measured deflections wou!d be a measure of the overall
spring constant (stiffness K) of the lower limbs.

The major elements of the supporting structure of the lower limbs can be considered a
series of articulated rod-like bones with softer cartilagenous material lining the bearing sur-
faces at the articulations. It is apparent that in compression, such a structure will act as a
series of springs for each leg.

A highly simplified mechanical analogue is proposed in Figure 7. Here each teg com-
ponent is envisioned as an elastic structure: the bones including the femural neck are very
stiff (in loading tests on a whole human femur 40 cm long, Marique? found that the compressive
shortening of the inner border will not exceed 1 mm even with loads large enough to cause
fracture). The cartilagenous structures are less stiff, and the fieshy heel pad is a very soft
easily compressible cushion. A further simplification is made, i.e., that connective tissues

can be assumed to deform elastically in some approximately linear fashion so that
F =Kz

where F is the applied load in pounds and z is the change of length in inches. It will be
apparent from the measurements which will be introduced that the human material under con-
sideration does not follow such simple laws. It is felt however that for carefully limited
ranges, such approximations are adequate to yield values which can be useful inputs for the
computations of dynamic response of man.

First let us consider Test Condition 1 in which the stiffness of the total system shown
in Figure 7 (i.e., both lower limbs) was measured. The vertical deflections of the hip as a
function of shoulder loads in excess of normal body weight are shown in Figure 8. Although
the individual data point plots show some scatter, there is a clear indication that for at least
two subjects, a linear approximation of the curve slope is not a bad match. For Subject 3
there is considerable deflection with small load until about 75 Ib above hody weight; after this
point, the slope becomes comparable to the others. As will be shown in subsequent sections,
this is probably due to an individual variation in heel pad structure. The heei pads of Subjects
1 and 2 have reached the end of their compressibility (bottomed) with body weiglit, while the

heels of subject 3 can continue to compress for an additional 75 Ib above body veight.
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l SHOULDER LOADING
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Figure T — Simplified Mechanical ‘fodel of Lower Limb Structure
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The described data indicate that in the range of total lower limb loading between the
normal body weight and 200 to 280 b above body weight, a linear curve can be drawn which
will describe compressive response, and a single average value of 1500 Ib/in. for total stiff-
ness K of the lower limbs can be assigned. This value of stiffness is sufficient for dynamic
calculations of total body response as described in the introduction,

It was of interest to determine in which region the bulk of the leg deformation was
taking place, i.e., below the ankle, the hip, the knee, or distributed among these joints. The
second set of tests, already mentioned, provided data on the compression of the foot and
ankle joint. A composite curve including the displacement of the ankle with load {or eleven
test runs on five subjects is shown in Figure 9. The expanded curves in Figure 10 for loads
up to about 100 Ib, approximately the normal body loading on one foot, show that considerable
ankle deflection occurs,

It should be noted that the loading range in the foot test which can be compared directly
with the shoulder load test lies between approximately one-half the body weight and maximum
load per leg, or one-half the total shoulder load. The curves for this equivalent loading condi-
tion are shown in Figure 9 as Region 2, lying between about 100 Ib and 200 to 250 1b for the
knee load.

An expanded plot of Region 2 is shown in Figure 11. The curve is nonlinear at lower
values of load and there is a considerable spread of slopes. A reasonuble average curve has
been faired-in which shows a slope of about 2300 Ib/in, between extremes of about 1700 to
4000 1b/in.

Measurements of total limb stiffness K, (previously described) gnve an average value
of about 1500 Ib/in. for two limbs in parallel. The stiffness of one limb K, is half as great
or 750 Ib/in.

We can see from Figure 7 that one limb is composed of a series of at least four springs
K, K,, K5, and K, neglecting the compliance of the bones. If we assume that in the range
under consideration, K, (the heel pad) has to a large extent bottomed or become infinitely

stiff, then we are left with the usual equation for three springs in :ieries:
1/K; =1/K, + 1K, + 1/K (1]

where K, is the stiffness of the cartilage at the hip joint,
K, is the stiffness of the knee cartilage, and
K, is the ankle stiffness,

To facilitate the calculation, K, and K, can be lumped into one value 4, 1.e.,

1 1
— = — — . Rewriting Equation [1] as
A l\'1 ' K2 L )
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Subjects under compressive loading at knee of 100 to 275 pound (Region 2).

we can substitute the values for K, of 750 lb/in. and A, (ankle stiffness) of 2300 Ib 'in. and

1
find that i 1/1100. The actual thicknesses of the hip and knee cartilages are about the
¢

same (5 to 7 mm or 0.20 to 0.28 in.); hence, we may expect the compressibility of the knee

1
and hip to be similar and A, equal to K,. Then i 1,/1100 and K| = K, = 2200 Ib in.
r's

As a final matter of interest in this study, data from a cadaver test® similar to the
knee-loading tests described here are presented in Figure 12, These measurements were
made during a compression test on one leg which was brought up to about 1500-1b load
at which point a fracture occurred in the distal tibia. The <lope or stiffness in the loading
region of interest in this study appears to he about 3500 Ib/in. The data are included in
Figures 10 and 11 for comparison purposes. It can be seen that the cadaver foot is =ignifi-
cantly stiffer in both regions.

Since the study reported in Reference 5 took place over a long period of time, it is

assumed that the cadavers were preserved rather than fresh although this point is not specified,

13
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Consequently it can be expected that the normal joint fluids would be replaced by preservative
and that joint cacriilages would be shrunken and dessicated, retaining only slight elasticity.
Hence we would not expect to find the heel pad compression of Region 1 that was present in
volunteer tests. This expectation is borne out, as can be seen from the curve of cadaver heel
compression shown in Figure 10. The cadaver ankle also exhibits a greater stiffness as can
be seen in Figure 11.

It has been shown that no more than about one-third of the total limb compression occurs
below the ankle. Is this deformation, as has been assumed, taken up by the cartilagenous
material in the ankle-heel region or is it in bending of the longitudinal arch? Some researchers®:?
have indicated that the arch is extremely strong and does not act as a spring. Although not
conclusive, the data of Figure 6 seem to indicate only slight arch deflection. The prints of a
foot under various conditions of load show that increasing a load by as much as 370 percent
increased the footprint area by only 20 percent with a negligible change in the open area under

the longitudinal arch. Most of the area increase occurred in the heel region with some change

14



at the transverse arch. Flattening was most marked under the heel as evidenced by the con-
siderable darkening of the heel area, indicating that the heel takes most of the load.

As further evidence of the major load-bearing function of the heel, the limiting loads
were almost always determined by the onset of pain under the heel. This was most likely due
to the pressure of the heel bone (calcaneal tuberosity) against the heel pad tissue. This
phenomenon is due to the particular axis along which the load was applied in conditions of
testing. A similar loading was applied in the cadaver test, where in static loading, failure
occurred as a fracture of the distal tibia rather than in the arch ligaments. It should be
pointed out that about 75 percent of the body weight during normal relaxed stance rests on the
heels.® It is reasonable to expect thet the major loads from shock motions will be transmitted
into the body through this region.

This is substantiated by war damage studies? in which direct shock injury for standing
man occurred either as fracture of the calcaneum, distal tibia or fibia rather than injury to
bones or ligaments of the longitudinal arch.

Some data were obtained on hysteresis and on loading rate. Figure 13 shows results
of tests on Subject 4. In the case of this man, there seems to be some indication of greater
initial stiffness with a faster application of load: however, measurements with other subjects

show much scatter, and no definite estimate of the effect of loading rate can be made.

CONCLUSIONS

1. When supporting weights up to 280 1b in excess of normal body weight, the two lower
limbs are approximately equivalent to a linear spring with a constant A of about 1500 1b/in.,

i.e., each leg has an equivalent spring constant of 750 lb/in.

2. When subjected to loads in excess of body weight equivalent, the average spring con-
stant for one foot and ankle is about 2300 Ib/in,

3. When the lower limbs are loaded with weights up to about 2580 Ib above body weight,
foor, compression will account for about one-third of the total vertical deflection of the hip
bone relative to the floor.
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